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1966 年の Noyori らによるキラル銅触媒を用いたエナンチオ選択的反応の報告 2d以降、世
界中の合成化学者によって不斉触媒反応の開発研究が進められてきたが、その報告例の多
くは遷移金属に不斉配位子を配位させた、不斉金属触媒反応であった。 
しかしながら、2000 年の List らによるプロリンを用いた不斉 Aldol 反応(Scheme 1-1)3a、




 Scheme 1-1. Proline-Catalyzed Direct Asymmetric Aldol Reaction 
 










有機分子触媒の代表例を以下に示す(Figure 1-2)5, 6, 7,8。 
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ロン酸エステルのエナンチオ選択的 Michael 付加反応を報告した(Scheme 1-3)6a。 
 








































Lambert らは 2012 年、シクロプロペンイミン触媒を用いた Schiff 塩基の Michael 付加を報
告した(Scheme 1-4)7a。 
 















































第 2 章では水素結合を基軸とした反応開発研究として、有機強塩基触媒を用いた Ferrier
型転位に基づく非対称ビアリール化合物の合成について述べる(Scheme 1-7)。 
 
Scheme 1-7. Construction of Unsymmetrical Biaryl Skeletons Based on Ferrier Type 
 Rearrangement Catalyzed by Strong Organobase 
 
 
第 3 章では第 4 級アンモニウムを鍵官能基に用いる二官能基型有機分子触媒の設計開発
について述べる(Scheme 1-8)。 
 
Scheme 1-8. Development of Novel Bifunctional Organocatalyst Utilizing Quaternary  
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第 2 章 
















Figure 2-2. Representative Ligand and Catalyst Based on Unsymmetrical Biaryl Skeletons 
 





 Scheme 2-1. Enantioselective Ring Opening Reaction of meso-epoxide 
 











Shibasaki らの Linked-BINOL は、対称な BINOL の非対称化によって合成されている
(Scheme 2-3)。 
 
Scheme 2-3. Synthesis of Linked-BINOL Ligand 
 











2010 年、Katsuki らは鉄触媒を用いた酸化的カップリングによる非対称 BINOL の合成を
報告した(Scheme 2-4)5b。 
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Scheme 2-5. This Work 
 
















塩基触媒 10 mol%存在下、DMSO 溶媒中、100 ˚C で行った (Table 2-1)。 
 
 Table 2-1. Screening of Catalyst 
 
entry Cat. yield (%) a pKBH+ b 
1 TMG 25 23.3 
2 DBU 36 24.3 
3 MTBD 46 25.5 
4 TBD 80 26.0 
5 P1-tOct 43 27.0c 
6 P4-tBu 84 42.7 
a
 Determined by 1H NMR spectroscopy. 
b
 pKBH+ in CH3CN. c pKBH+ of P1-tBu. 
 
検討の結果、触媒の塩基性が向上するにつれて収率に向上が見られた。特に、有機超強
塩基である P4 ホスファゼンを用いた際に最も良い結果を与えた(entry 6)。しかし興味深い
ことに、環状グアニジン塩基 TBD を用いた際に、塩基性が大きく劣るにもかかわらず、P4
ホスファゼンと同等の高い収率で生成物が得られた(entry 4)。その高い触媒活性は、同程度








 Table 2-2. Solvent Effect 
 
entry Solvent yield (%) a 
0 DMSO 80 
1 CH3CN 81 
2 THF quant.(90b) 
3c THF quant.(94b) 
a
 Determined by 1H NMR spectroscopy. 
b
 Isolated yield.  
c
 P4-tBu 10 mol% used as a catalyst. 
 アセトニトリルを用いて反応を行った場合、収率に向上は見られなかった(entry 1)。THF
を用いた場合、高い収率で生成物を得ることに成功した(entry 2)。また、先の検討で同等の












 Figure 2-3. Plausible Reaction Mechanism 
 
本反応は、ラクトールの開環、アルドール縮合、芳香環化を経る連続反応である。まず、
ラクトール 1 の脱プロトン化、開環により、エノラート A を生じる。続いてエノラート A





ノラート C の生成の 2 つが考えられる。TBD の反応促進効果は、これらの段階における TBD
の二重水素結合に起因しているのではないかと考察した 7。すなわちラクトール 1 の開環プ
ロセスにおいて、TBD が基質と二重水素結合を形成し、開環反応を促進する。また、位置








 最適な反応条件の下、基質一般性について検討した(Table 2-3)。 
 
 Table 2-3. Substrate Scope (1) 
 
entry 
 R product yield (%) a 
1 1b nPr 2b 96 
2 1c iPr 2c 82 
3 1d OMe 2d 83 
4 1e SMe 2e 79 
a
 Isolated yield. 
 まず、置換基 R について検討を行った。直鎖のアルキル基では問題なく反応が進行した
(entry 1)。立体的に嵩高い置換基の場合は若干の収率の低下が見られたが、高い収率で生成
物が得られた(entry 2)。また、ヘテロ原子を導入した基質でも反応は進行し、良好な収率で






 Table 2-4. Substrate Scope (2) 
 


























Scheme 2-6. Catalytic Enantioselective Strecker Synthesis of Chiral α-Amino Nitriles 
  
また、Tan らは、置換基として Bn 基を有する同グアニジン塩基触媒を用いることによっ
て、マレイミドの付加反応が高立体選択的に進行することを報告している(Scheme 2-7)。 
 






















12 h; 30% yield, 12% ee (S)
48 h; 81% yield, racemic
1a
 
 本研究では、置換基として Bn 基を持つキラルグアニジン塩基触媒 3 を用いた。反応は 20 















 Scheme 2-9. Resolution of BINOL Derivative 
 
生成物 2a のメトキシ基を水酸基へと変換した後、(S,S)-ジフェニルエチレンジアミンによ







 本章のまとめを示す(Scheme 2-10)。 
 
Scheme 2-10. Construction of Unsymmetrical Biaryl Skeletons Based on Ferrier Type 
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General Information:  Infrared spectra were recorded on a JASCO FT/IR-4100 spectrometer.  1H 
NMR spectra were recorded on JEOL JNM-ECS400 (400 MHz) and JEOL JNM-ECA600 (600 
MHz) spectrometer.  Chemical shifts are reported in ppm from the solvent resonance or 
tetramethylsilane (TMS) as the internal standard (CDCl3: 7.26 ppm, TMS: 0.00 ppm).  Data are 
reported as follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, q = 
quartet, m = multiplet), and coupling constants (Hz).  13C NMR spectra were recorded on JEOL 
JNM-ECS400 (100 MHz) and JEOL JNM-ECA600 (150 MHz) spectrometer with complete proton 
decoupling.  HPLC analysis was performed on a JASCO 2000 Plus system with UV and CD 
detectors and Daicel chiral stationary phase column Chiralpak IA-3 and AD-3.  Mass spectra 
analysis was performed on a JEOL JMS-T100GC spectrometer, a JEOL JMS-700V spectrometer, 
and a Waters Xevo QTof-MS spectrometer at the Daiichisankyo Co., Ltd., a Thermo Fischer 
Scientific Exactive FT-ICR-MS spectrometer at the Graduate School of Engineering, Nagoya 
University, and a Bruker Daltonics sorariX FT-ICR-MS spectrometer at the Instrumental Analysis 
Center for Chemistry, Graduate School of Science, Tohoku University.  Optical rotations were 
measured on a JASCO P-1020 digital polarimeter with a sodium lamp and reported as follows; [α]λT 
˚C
 (c = g/100 mL, solvent).  Analytical thin layer chromatography (TLC) was performed on Merck 
precoated TLC plates (silica gel 60 GF254, 0.25 mm).  Flash column chromatography was 
performed on silica gel 60N (spherical, neutral, 40-50 µm; Kanto Chemical Co., Inc.). 
All reactions were carried out under an argon atmosphere in dried glassware. 
 
Material: Unless otherwise noted, materials were purchased from Wako Pure Chemical Industries, 
Ltd., Tokyo Chemical Industry Co., Ltd., Aldrich Inc., and other commercial suppliers were used 
without purification.  Chiral bicyclic guanidine catalyst 3 was prepared according to the literature 
procedure.1  THF was supplied from Kanto Chemical Co., Inc. as “Dehydrated solvent system”.  















Synthesis of Substrate. 































0 °C r.t., o.n.
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To a solution of 2-bromo-6-methoxynaphthalene (8.54 g, 36 mmol) and phthalic anhydride (2.96 g, 
20 mmol) in CH2Cl2 (40 mL) was added AlCl3 (4.00 g, 30 mmol) at 0 ˚C.  After the reaction 
mixture was stirred at room temperature for 1 day, the reaction was quenched by saturated aqueous 
NH4Cl (40 mL), and the water layer was extracted with CH2Cl2 (30 mL × 3).  The combined 
organic layers were added aqueous NaOH (3 N) until pH 10, stirred for 5 min, and extracted with 
Et2O (50 mL).  The water layer was added HCl (12 N) until pH 1, stirred for 20 min, and extracted 
with CH2Cl2 (30 mL × 3).  The combined organic layers were washed with brine, dried over 
Na2SO4, and concentrated under reduced pressure after filtration.  The residue was used for the next 
step without further purification. 
To a mixture of obtained product, Zn dust (13.1 g, 200 mmol), and CuSO4 (128 mg, 0.8 mmol) was 
added aqueous NH3 (28 %, 100 mL).  The reaction mixture was stirred at reflux for 1 day with 
addition of aqueous NH3 (40 mL) every 8 h.  After filtration, the solution was added HCl (12 N) 
until pH 1, and extracted with CH2Cl2 (30 mL × 3).  The combined organic layers were added 
aqueous NaOH (3 N) until pH 10, stirred for 5 min, and extracted with Et2O (50 mL).  The water 
layer was added HCl (12 N) until pH 1, stirred for 20 min, and extracted with CH2Cl2 (40 mL × 3).  
The combined organic layers were washed with brine, dried over Na2SO4, and concentrated under 
reduced pressure after filtration.  The residue was used for the next step without further 
purification.
 
To a solution of obtained product in CH2Cl2 (40 mL) was added DMF (0.153 ml, 0.2 mmol) and 
oxalyl chloride (6.86 mL, 80 mmol) at 0 ˚C.  After the reaction mixture was stirred for 3 h, the 
mixture was pumped up for 2 h.  The residue was added dimethylamine hydrochloride (2.12 g, 26 
mmol), CH2Cl2 (40 mL), and NEt3 (7.61 mL, 60 mmol) at 0 ˚C.  After the reaction mixture was 
25 
 
stirred at room temperature overnight, the reaction was quenched by saturated aqueous NH4Cl (20 
mL), and the water layer was extracted with CH2Cl2 (20 mL × 3).  The combined organic layers 
were washed with brine, dried over Na2SO4, and concentrated under reduced pressure after filtration.  
The residue was purified by silica gel column chromatography (hexane/AcOEt = 1/1 as the eluent) to 
give product 6a (4.22 g, 66% yield from phthalic anhydride). 
 
 
N,N-Dimethylbenzamide 6b,2,5,6 6c,3,5,6 and 6d4,5,6 were prepared according to the modified literature 
procedures.   
 
2. Representative Procedure for the Synthesis of 1a 
 
 
To a solution of LDA [prepared from nBuLi (1.6 M solution in hexane, 2.71 mL, 4.4 mmol) and 
diisopropylamine (0.617 mL, 4.4 mmol) at 0 ˚C in THF (8 mL)] was added a solution of 
N,N-dimethylbenzamide 6a (1.28 g, 4.0 mmol) in THF (8 mL) at -78 ˚C.  The dark blue solution 
was stirred for 1 h, and transferred into a solution of propionyl chloride (0.489 mL, 5.6 mmol) in THF 
(4 mL) at -78 ˚C.  After the reaction mixture was stirred for 2 h, the reaction was quenched by 
saturated aqueous NH4Cl (40 mL), and the water layer was extracted with AcOEt (30 mL × 3).  The 
combined organic layers were washed with brine, dried over Na2SO4, and concentrated under 
reduced pressure after filtration.  The residue was passed through shortpass column chromatography 
(hexane/AcOEt = 1/1 as the eluent).  The obtained product was used for the next step without 
further purification. 
To a solution of the obtained product in CH2Cl2 (8 mL) was added p-toluene sulfonyl acid 
monohydrate (1.67 g, 8.8 mmol) at 0 ˚C.  After the reaction mixture was stirred at room temperature 
overnight, the reaction was quenched by saturated aqueous NaHCO3 (50 mL), and the water layer 
was extracted with CH2Cl2 (30 mL × 3).  The combined organic layers were washed with brine, 
26 
 
dried over Na2SO4, and concentrated under reduced pressure after filtration.  The residue was 
purified by silica gel column chromatography (hexane/AcOEt = 2/1 as the eluent) to give the product 
7 (601 mg, 46% yield from 6a). 
 
 
To a solution of isochromenone 7 (601 mg, 1.82 mmol) in CH2Cl2 (9 mL) was added DIBAL-H 
(1.03 M solution in hexane, 1.94 mL) at -78 ˚C.  After the reaction mixture was stirred for 2 h, the 
reaction was quenched by saturated aqueous NH4Cl (10 mL), and the water layer was extracted with 
CH2Cl2 (20 mL × 3).  The combined organic layers were washed with brine, dried over Na2SO4, 
added one drop of triethylamine (to avoid self condensation), and concentrated under reduced 
pressure after filtration.  The residue was purified by silica gel column chromatography 
(hexane/Et2O = 2/1 as the eluent) to give the product 1a (567 mg, 94% yield). 
 
3. Representative Procedure for the TBD Base-Catalyzed Synthesis of 2a 
 
 
To a sealed tube were added isochromenol 1a (66.4 mg, 0.2 mmol), THF (1 mL), and TBD (2.78 mg, 
20 µmol) under an argon atmosphere.  After the reaction mixture was stirred at 100 ˚C for 12 h, the 
reaction was quenched by saturated aqueous NH4Cl and the water layer was extracted with AcOEt 
(20 mL × 3).  The combined organic layers were washed with brine, dried over Na2SO4, and 
concentrated under reduced pressure after filtration.  The residue was purified by silica gel column 








To a solution of isochromenol 1a (33.2 mg, 0.1 mmol) in THF (0.5 mL) was added (S,S)-3 (5.83 mg, 
20 µmol) under an argon atmosphere.  After the reaction mixture was stirred at 100 ˚C for 12 h, the 
reaction was quenched by saturated aqueous NH4Cl and the water layer was extracted with AcOEt 
(20 mL × 3).  The combined organic layers were washed with brine, dried over Na2SO4, and 
concentrated under reduced pressure after filtration.  The residue was purified by silica gel column 
chromatography (hexane/AcOEt = 8/1 as the eluent) to give the product 2a (9.4 mg, 30% yield, 12% 
ee (S)). 
 
5. Procedure for the Demethylation of 2a 
 
 
To a solution of naphthol 2a (1.16 g, 3.7 mmol) in CH2Cl2 (12 mL) was added BBr3 (2.0 mL, 21 
mmol) at 0 ˚C.  After the reaction mixture was stirred for 2 h, the reaction was quenched by water 
(30 mL), and the water layer was extracted with CH2Cl2 (20 mL × 3).  The combined organic layers 
were washed with brine, dried over Na2SO4, and concentrated under reduced pressure after filtration.  
The residue was purified by silica gel column chromatography (hexane/AcOEt = 4/1 as the eluent) to 
give the product 4 in quantitative yield. 
 
6. Resolution of 4 
 
Resolution of 4 was performed according to the literature procedure.7 
To a solution of racemic binaphthol derivative 4 (718 mg, 2.4 mmol) in toluene (4 mL) was added 
(S,S)-5 (507 mg, 2.4 mmol).  After the mixture was heated until turning the suspension to be clear, 
the heated solution was allowed to stand at room temperature.  White crystalline solid was collected 
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by filtration, and dissolved in methanol. The solution was added aqueous HCl (1 N) and stirred for 30 
min.  CH2Cl2 was poured into the reaction mixture to dissolve the precipitate, the organic layer was 
separated from the water layer, and the water layer was extracted with CH2Cl2.  The combined 
organic layers were washed with brine, dried over Na2SO4, and concentrated under reduced pressure 
after filtration.  The residue was purified by silica gel column chromatography (hexane/AcOEt = 4/1 
as the eluent) to give the product (R)-4 (158 mg, 22% yield, 95% ee). 
Absolute configuration was determined in accordance with the literature value of the optical 
rotation.8 
Optical rotation of prepared sample 4: [α]D20.3 = +22.1 (c = 1.5, CDCl3) (95% ee) 
Optical rotation of literature value of (R)-4:8 [α]D26 = +25 (c = 1.5, CDCl3) 
 
7. Racemization of 4 
 
To a solution of (R)-4 (60.0 mg, 0.2 mmol, 95% ee) in THF (1 mL) was added TBD (2.78 mg, 20 
µmol) under an argon atmosphere.  The reaction mixture was stirred at 100 ˚C.  Enantiomeric 
excess was dropped as shown in the following Table. 
 










3-Ethyl-4-(2-methoxynaphthalen-1-yl)-1H-isochromen-1-ol (1a): white solid; Rf = 0.20 
(hexane/Et2O = 2/1); diastereomeric mixture (ca. 1:1 mixture) 1H NMR (600 MHz, C6D6) δ 1.08 (3H, 
t, J = 7.8 Hz), 1.09 (3H, t, J = 7.8 Hz), 2.07 (2H, q, J = 7.8 Hz), 2.19 (2H, q, J = 7.8 Hz), 3.20 (3H, 
s), 3.32 (3H, s), 6.22 (1H, s), 6.37 (1H, s), 6.54 (1H, d, J = 7.8 Hz), 6.63 (1H, d, J = 7.8 Hz), 
6.82-6.97 (5H, m), 7.04-7.21 (7H, m), 7.68-7.77 (5H, m), 8.10 (1H, d, J = 7.8 Hz); 13C NMR (150 
MHz, C6D6) δ 11.20, 11.37, 25.61, 25.73, 55.87, 56.09, 93.19, 93.69, 106.39, 113.67, 113.76, 119.51, 
119.69, 123.09, 123.11, 124.06, 124.15, 125.40, 125.56, 125.82, 125.89, 126.03, 126.21, 127.12, 
127.28, 128.29, 128.36, 128.53, 129.26, 129.28, 129.62, 129.67, 129.69, 129.74, 129.89, 131.65, 
131.95, 134.88, 135.19, 152.76, 152.84, 155.50, 155.52; IR (ATR) 3396, 2971, 2936, 1641, 1507, 




3-Butyl-4-(2-methoxynaphthalen-1-yl)-1H-isochromen-1-ol (1b): white solid; Rf = 0.30 
(hexane/Et2O = 2/1); diastereomeric mixture (ca. 1:1 mixture) 1H NMR (400 MHz, C6D6) δ 0.67 (3H, 
t, J = 7.6 Hz), 0.67 (3H, t, J = 7.2 Hz), 1.05-1.20 (4H, m), 1.60-1.73 (4H, m), 2.06-2.20 (2H, m), 
2.26 (2H, t, J = 7.6 Hz), 3.20 (3H, s), 3.34 (3H, s), 6.23 (1H, s), 6.38 (1H, s), 6.56 (1H, d, J = 7.6 
Hz), 6.64 (1H, d, J = 7.6 Hz), 6.85-6.97 (6H, m), 7.04-7.10 (3H, m), 7.16-7.22 (3H, m), 7.69-7.74 
(4H, m), 7.78-7.80 (1H, m), 8.09 (1H, d, J = 8.0 Hz); 13C NMR (100 MHz, C6D6) δ 13.97, 22.37, 
22.53, 28.96, 29.09, 31.80, 32.00, 55.78, 55.91, 93.23, 93.72, 107.01, 107.10, 113.54, 119.49, 119.63, 
123.07, 123.13, 124.04, 124.13, 125.35, 125.61, 125.79, 125.88, 126.09, 126.22, 127.07, 127.29, 
128.49, 129.30, 129.64, 129.71, 129.84, 131.65, 131.97, 134.87, 135.19, 151.92, 152.09, 155.52; IR 
(ATR) 3397, 2955, 2929, 1639, 1508, 1489, 1462, 1265, 1249, 1060, 984 cm-1; HRMS (CI) Calcd 
for C27H33O3Si (M+SiMe3)+ 433.2199, Found 433.2195.  HRMS sample was prepared from mixing 





3-Isobutyl-4-(2-methoxynaphthalen-1-yl)-1H-isochromen-1-ol (1c): white solid; Rf = 0.15 
(hexane/Et2O = 4/1); diastereomeric mixture (ca. 1:1 mixture) 1H NMR (400 MHz, C6D6) δ 0.76 (3H, 
d, J = 6.8 Hz), 0.79 (3H, d, J = 6.4 Hz), 0.84 (3H, d, J = 6.8 Hz), 0.86 (3H, d, J = 6.4 Hz), 1.97 (1H, 
dd, J = 14.0, 8.8 Hz), 2.14-2.19 (2H, m), 2.23-2.34 (3H, m), 3.21 (3H, s), 3.34 (3H, s), 6.25 (1H, s), 
6.39 (1H, s), 6.56 (1H, d, J = 7.6 Hz), 6.63 (1H, d, J = 8.0 Hz), 6.84-6.97 (6H, m), 7.04-7.11 (3H, m), 
7.16-7.24 (3H, m), 7.69-7.74 (4H, m), 7.78-7.81 (1H, m), 8.09 (1H, d, J = 8.8 Hz); 13C NMR (100 
MHz, C6D6) δ 21.99, 22.57, 22.82, 23.06, 26.53, 26.57, 41.08, 41.26, 55.76, 93.20, 93.66, 107.82, 
107.89, 113.33, 113.50, 119.46, 119.53, 123.12, 123.21, 124.02, 124.09, 125.36, 125.63, 125.76, 
125.90, 126.24, 126.28, 127.00, 127.29, 128.41, 128.53, 129.29, 129.32, 129.56, 129.61, 129.69, 
129.75, 129.79, 131.63, 131.96, 134.79, 135.14, 151.35, 151.57, 155.48, 155.56; IR (ATR) 3392, 
2953, 1637, 1508, 1463, 1266, 1250, 1060, 985 cm-1; HRMS (CI) Calcd for C27H33O3Si (M+SiMe3)+ 
433.2199, Found 433.2184.  HRMS sample was prepared from mixing 1c and 
N,O-bis(trimethylsilyl)trifluoroacetamide, before HRMS analysis.   
 
 
3-(Methoxymethyl)-4-(2-methoxynaphthalen-1-yl)-1H-isochromen-1-ol (1d): white solid; Rf = 
0.20 (hexane/AcOEt = 2/1); diastereomeric mixture (ca. 1:1 mixture) 1H NMR (400 MHz, C6D6) δ 
3.05 (3H, s), 3.10 (3H, s), 3.17 (3H, s), 3.26 (3H, s), 3.82 (1H, d, J = 12.4 Hz), 3.99 (1H, d, J = 12.4 
Hz), 4.01 (1H, d, J = 12.4 Hz), 4.26 (1H, d, J = 12.4 Hz), 6.30 (1H, s), 6.41 (1H, s), 6.57 (1H, d, J = 
8.0 Hz), 6.64 (1H, d, J = 8.0 Hz), 6.80-6.88 (2H, m), 6.92-6.97 (4H, m), 7.00 (1H, d, J = 8.8 Hz), 
7.07 (2H, t, J = 8.0 Hz), 7.12-7.21 (3H, m), 7.67-7.73 (5H, m), 8.09-8.11 (1H, m); 13C NMR (100 
MHz, C6D6) δ 55.91, 56.21, 57.45, 57.60, 69.78, 69.87, 93.44, 93.69, 110.80, 110.93, 113.41, 113.94, 
118.32, 118.47, 123.56, 123.70, 124.12, 124.20, 125.29, 125.87, 126.06, 126.45, 126.88, 127.08, 
127.33, 127.41, 128.53, 129.12, 129.17, 129.50, 129.71, 129.75, 129.99, 130.05, 131.29, 131.47, 
135.01, 135.10, 147.27, 147.49, 155.56, 155.73; IR (ATR) 3372, 2937, 1591, 1508, 1460, 1267, 





4-(2-Methoxynaphthalen-1-yl)-3-((methylthio)methyl)-1H-isochromen-1-ol (1e): white solid; Rf 
= 0.40 (hexane/AcOEt = 2/1); diastereomeric mixture (ca. 1:1 mixture) 1H NMR (400 MHz, C6D6) δ 
1.75 (3H, s), 1.90 (3H, s), 3.03 (1H, d, J = 14.0 Hz), 3.09 (1H, d, J = 14.0 Hz), 3.19 (3H, s), 
3.28-3.29 (5H, m), 6.21 (1H, s), 6.33 (1H, s), 6.55 (1H, d, J = 8.0 Hz), 6.60 (1H, d, J = 7.2 Hz), 
6.81-6.88 (2H, m), 6.89-7.00 (4H, m), 7.02-7.07 (2H, m), 7.11-7.22 (4H, m), 7.66-7.74 (5H, m), 
8.00-8.04 (1H, m); 13C NMR (100 MHz, C6D6) δ 15.49, 15.65, 34.89, 35.20, 55.78, 55.87, 93.31, 
93.69, 108.99, 109.37, 113.45, 113.48, 118.41, 123.36, 123.56, 124.13, 125.58, 125.65, 125.87, 
126.42, 126.49, 126.71, 127.17, 127.47, 127.75, 128.44, 128.53, 128.98, 129.23, 129.27, 129.53, 
129.68, 130.02, 130.07, 131.42, 131.73, 134.67, 135.02, 147.79, 148.05, 155.33, 155.670; IR (ATR) 
3394, 2918, 1621, 1508, 1267, 1250, 1061, 979 cm-1; HRMS (ESI) Calcd for C22H19O3S (M-) 
363.1055, Found 363.1052. 
 
 
3-Ethyl-4-(2,6-dimethoxynaphthalen-5-yl)-1H-isochromen-1-ol (1f): white solid; Rf = 0.25 
(hexane/Et2O = 1/1); diastereomeric mixture (ca. 1:1 mixture) 1H NMR (400 MHz, C6D6) δ 1.11 (6H, 
t, J = 7.6 Hz), 2.11 (2H, q, J = 7.6 Hz), 2.23 (2H, q, J = 7.6 Hz), 3.21 (3H, s), 3.36 (3H, s), 3.40 (3H, 
s), 3.44 (3H, s), 6.20 (1H, s), 6.36 (1H, s), 6.61 (1H, d, J = 8.0 Hz), 6.70 (1H, d, J = 7.6 Hz), 6.87 
(1H, td, J = 7.6, 1.6 Hz), 6.89-6.96 (4H, m), 7.01 (1H, d, J = 8.8 Hz), 7.04-7.12 (6H, m), 7.64 (1H, d, 
J = 8.8 Hz), 7.65 (1H, d, J = 8.8 Hz), 7.69 (1H, d, J = 8.8 Hz), 7.99 (1H, d, J = 9.6 Hz); 13C NMR 
(100 MHz, C6D6) δ 11.23, 11.40, 25.64, 25.77, 54.77, 54.85, 56.07, 56.26, 93.20, 93.70, 106.34, 
106.40, 106.55, 114.39, 114.42, 119.94, 120.02, 120.14, 120.32, 123.13, 123.19, 125.38, 125.79, 
125.88, 126.22, 127.30, 128.59, 129.22, 129.25, 129.77, 130.32, 130.60, 130.67, 130.89, 131.74, 
132.06, 152.71, 152.83, 154.05, 154.10, 156.88, 157.00; IR (ATR) 3400, 2969, 2937, 1596, 1506, 





3-Ethyl-4-(2,7-dimethoxynaphthalen-8-yl)-1H-isochromen-1-ol (1g): white solid; Rf = 0.25 
(hexane/AcOEt = 2/1); diastereomeric mixture (ca. 1:1 mixture) 1H NMR (400 MHz, C6D6) δ 1.11 
(3H, t, J = 7.6 Hz), 1.15 (3H, t, J = 7.6 Hz), 2.17 (2H, q, J = 7.6 Hz), 2.23 (2H, q, J = 7.6 Hz), 3.18 
(6H, m), 3.36 (3H, s), 3.43 (3H, s), 6.19 (1H, s), 6.37 (1H, s), 6.69 (1H, d, J = 7.2 Hz), 6.78 (1H, d, J 
= 8.0 Hz), 6.84 (1H, d, J = 8.4 Hz), 6.89 (1H, td, J = 7.6, 1.6 Hz), 6.91-6.99 (4H, m), 7.05-7.09 (2H, 
m), 7.14-7.18 (2H, m), 7.20 (1H, s), 7.48 (1H, s), 7.59 (1H, d, J = 8.8 Hz), 7.61 (1H, d, J = 8.8 Hz), 
7.64 (1H, d, J = 8.8 Hz), 7.69 (1H, d, J = 8.8 Hz); 13C NMR (100 MHz, C6D6) δ 11.33, 11.41, 25.65, 
25.70, 54.62, 54.84, 55.75, 55.95, 93.19, 93.74, 103.03, 104.00, 106.82, 107.35, 110.79, 110.85, 
117.41, 117.59, 118.44, 118.59, 123.07, 123.14, 125.18, 125.37, 125.46, 125.63, 125.88, 126.31, 
128.71, 129.32, 129.41, 129.46, 129.77, 129.98, 130.15, 131.50, 131.85, 136.33, 136.76, 152.48, 
152.72, 156.15, 159.14, 159.55; IR (ATR) 3418, 2969, 2937, 1624, 1509, 1492, 1259, 1222, 1056, 
1036 cm-1; HRMS (CI) Calcd for C26H31O4Si (M+SiMe3)+ 435.1992, Found 435.1984.  HRMS 
sample was prepared from mixing 1g and N,O-bis(trimethylsilyl)trifluoroacetamide, before HRMS 







3-Ethyl-4-(2-methoxy-4,6-dimethylphenyl)-1H-isochromen-1-ol (1h): white solid; Rf = 0.25 
(hexane/Et2O = 2/1); diastereomeric mixture (ca. 1:1 mixture) 1H NMR (400 MHz, C6D6) δ 1.18 (6H, 
t, J = 7.2 Hz), 2.11-2.12 (6H, m), 2.18 (2H, q, J = 7.2 Hz), 2.23-2.29 (8H, m), 3.07 (3H, s), 3.24 (3H, 
s), 6.16 (1H, s), 6.29 (1H, s), 6.38 (1H, s), 6.48 (1H, s), 6.69 (1H, s), 6.71 (1H, s), 6.78 (1H, d, J = 
8.8 Hz), 6.81 (1H, d, J = 8.0 Hz), 6.94-7.07 (6H, m); 13C NMR (100 MHz, C6D6) δ 11.16, 11.31, 
19.58, 19.95, 21.66, 25.27, 25.50, 55.01, 55.21, 93.04, 93.61, 107.42, 107.61, 109.40, 109.58, 
122.12, 122.38, 122.62, 123.47, 123.64, 125.43, 125.82, 126.19, 128.80, 129.20, 129.22, 130.00, 
131.23, 131.63, 138.14, 138.23, 139.42, 139.87, 151.51, 151.68, 158.30, 158.49; IR (ATR) 3406, 
2967, 2934, 1643, 1608, 1574, 1462, 1311, 1094, 993 cm-1; HRMS (CI) Calcd for C23H31O3Si 
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(M+SiMe3)+ 383.2043, Found 383.2040.  HRMS sample was prepared from mixing 1h and 
N,O-bis(trimethylsilyl)trifluoroacetamide, before HRMS analysis.   
 
 
1-(2-Methoxynaphthalen-1-yl)-3-methylnaphthalen-2-ol (2a): white solid; Rf = 0.35 
(hexane/AcOEt = 4/1); HPLC analysis Chiralpak AD-3 (hexane/iPrOH = 95/5, 1.0 mL/min, 254 nm, 
30 ˚C); 8.0 (major), 23.5 min; 12% ee (S); 1H NMR (400 MHz, CDCl3) δ 2.51 (3H, s), 3.80 (3H, s), 
4.96 (1H, s), 6.97 (1H, d, J = 8.0 Hz), 7.13-7.17 (2H, m), 7.25-7.29 (2H, m), 7.36 (1H, td, J = 7.6, 
1.2 Hz ), 7.49 (1H, d, J = 9.2 Hz), 7.73 (1H, s), 7.78 (1H, d, J = 8.4 Hz), 7.90 (1H, d, J = 8.0 Hz), 
8.05 (1H, d, J = 9.2 Hz); 13C NMR (100 MHz, CDCl3) δ 17.07, 56.65, 113.78, 114.37, 115.56, 
123.12, 124.13, 124.55, 124.93, 125.36, 126.52, 127.28, 127.31, 128.10, 129.05, 129.25, 129.41, 
130.99, 132.50, 134.06, 150.48, 156.01; IR (ATR) 3530, 3057, 2934, 2839, 1620, 1592, 1507, 1266, 
1249, 1205, 1077 cm-1; HRMS (CI) Calcd for C22H19O2 (M+H)+ 315.1385, Found 315.1389. 
cf. 86% ee (R): [α]D22.4 = -25.5 (c = 0.75, CHCl3). 
 
 
1-(2-Methoxynaphthalen-1-yl)-3-propylnaphthalen-2-ol (2b): white solid; Rf = 0.70 
(hexane/AcOEt = 2/1); 1H NMR (400 MHz, CDCl3) δ 1.04 (3H, t, J = 7.6 Hz), 1.81 (2H, m), 2.85 
(2H, m), 3.80 (3H, s), 4.94 (1H, s), 6.97 (1H, d, J = 7.6 Hz), 7.13-7.16 (2H, m), 7.25-7.29 (2H, m), 
7.36 (1H, t, J = 7.6 Hz), 7.48 (1H, d, J = 8.8 Hz), 7.72 (1H, s), 7.80 (1H, d, J = 8.0 Hz), 7.89 (1H, d, 
J = 8.4 Hz), 8.05 (1H, d, J = 8.4 Hz); 13C NMR (100 MHz, CDCl3) δ 14.12, 22.84, 32.93, 56.65, 
113.85, 114.52, 115.67, 123.07, 124.11, 124.51, 124.92, 125.38, 127.26, 127.38, 128.10, 128.43, 
129.02, 129.42, 130.89, 130.97, 132.39, 134.08, 150.27, 156.03; IR (ATR) 3532, 2958, 2932, 1592, 






3-Isopropyl-1-(2-methoxynaphthalen-1-yl)naphthalen-2-ol (2c): white solid; Rf = 0.70 
(hexane/AcOEt = 2/1); 1H NMR (400 MHz, CDCl3) δ 1.40 (6H, t, J = 7.6 Hz), 3.49 (1H, m), 3.80 
(3H, s), 4.98 (1H, s), 6.96 (1H, d, J = 8.0 Hz), 7.13-7.17 (2H, m), 7.25-7.29 (2H, m), 7.36 (1H, t, J = 
7.6 Hz), 7.48 (1H, d, J = 9.2 Hz), 7.77 (1H, s), 7.82 (1H, d, J = 8.4 Hz), 7.89 (1H, d, J = 8.4 Hz), 
8.05 (1H, d, J = 9.2 Hz); 13C NMR (100 MHz, CDCl3) δ 22.56, 22.80, 27.80, 56.66, 113.88, 114.59, 
115.73, 123.06, 124.13, 124.42, 124.94, 125.01, 125.44, 127.28, 127.73, 128.11, 129.08, 129.45, 
131.00, 132.14, 134.09, 136.80, 149.77, 156.09; IR (ATR) 3531, 2960, 2934, 1592, 1507, 1265, 
1249, 1146 cm-1; HRMS (CI) Calcd for C24H23O2 (M+H)+ 343.1698, Found 343.1694. 
 
 
3-Methoxy-1-(2-methoxynaphthalen-1-yl)naphthalen-2-ol (2d): white solid; Rf = 0.40 
(hexane/AcOEt = 2/1); 1H NMR (400 MHz, CDCl3) δ 3.79 (3H, s), 4.09 (3H, s), 5.77 (1H, s), 7.04 
(1H, d, J = 8.4 Hz), 7.12 (1H, td, J = 6.8, 0.8 Hz), 7.18 (1H, d, J = 8.4 Hz), 7.22-7.35 (4H, m), 7.47 
(1H, d, J = 8.8 Hz), 7.77 (1H, d, J = 7.6 Hz), 7.87 (1H, d, J = 8.0 Hz), 8.01 (1H, d, J = 8.8 Hz); 13C 
NMR (100 MHz, CDCl3) δ 55.84, 56.85, 105.75, 114.05, 116.05, 117.58, 123.71, 123.82, 124.23, 
124.80, 125.07, 126.64, 126.76, 128.01, 128.96, 129.26, 130.08, 133.74, 143.30, 147.30, 155.23; IR 
(ATR) 3526, 2939, 2837, 1594, 1462, 1428, 1266, 1248 cm-1; HRMS (CI) Calcd for C22H19O3 
(M+H)+ 331.1334, Found 331.1326. 
 
 
1-(2-Methoxynaphthalen-1-yl)-3-(methylthio)naphthalen-2-ol (2e): white solid; Rf = 0.55 
(hexane/AcOEt = 2/1); 1H NMR (400 MHz, CDCl3) δ 2.58 (3H, s), 3.80 (3H, s), 5.81 (1H, s), 7.02 
(1H, d, J = 8.8 Hz), 7.14 (1H, d, J = 8.4 Hz), 7.18 (1H, t, J = 8.0 Hz), 7.24-7.37 (3H, m), 7.48 (1H, d, 
J = 8.8 Hz), 7.80 (1H, d, J = 7.6 Hz), 7.86 (1H, s), 7.89 (1H, d, J = 8.4 Hz), 8.04 (1H, d, J = 9.2 Hz); 
13C NMR (100 MHz, CDCl3) δ 16.86, 56.67, 113.77, 115.23, 116.21, 123.73, 123.98, 124.86, 126.07, 
126.28, 127.08, 127.19, 127.97, 128.10, 129.23, 129.31, 130.73, 132.75, 133.77, 149.09, 155.58; IR 
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(ATR) 3524, 3389, 2935, 2838, 1592, 1508, 1264, 1248, 1147 cm-1; HRMS (CI) Calcd for 
C22H19O2S (M+H)+ 347.1106, Found 347.1107. 
 
 
1-(2,6-Dimethoxynaphthalen-5-yl)-3-methylnaphthalen-2-ol (2f): white solid; Rf = 0.25 
(hexane/AcOEt = 2/1); 1H NMR (400 MHz, CDCl3) δ 2.50 (3H, s), 3.77 (3H, s), 3.91 (3H, s), 4.98 
(1H, s), 6.93-6.98 (2H, m), 7.06 (1H, d, J = 9.2 Hz), 7.15 (1H, dd, J = 8.4, 6.8 Hz), 7.20 (1H, d, J = 
2.8 Hz), 7.27 (1H, dd, J = 8.0, 6.8 Hz), 7.45 (1H, d, J = 9.2 Hz), 7.72 (1H, s), 7.77 (1H, d, J = 8.0 
Hz), 7.94 (1H, d, J = 8.8 Hz); 13C NMR (100 MHz, CDCl3) δ 17.06, 55.32, 56.85, 106.10, 114.46, 
114.58, 116.06, 120.00, 123.11, 124.56, 125.36, 126.52, 126.62, 127.30, 129.02, 129.24, 129.38, 
129.50, 130.45, 132.49, 150.45, 154.47, 156.46; IR (ATR) 3533, 2935, 2837, 1595, 1506, 1251, 
1078 cm-1; HRMS (ESI) Calcd for C23H20O3Na (M+Na)+ 363.1305, Found 363.1303. 
 
 
1-(2,7-Dimethoxynaphthalen-8-yl)-3-methylnaphthalen-2-ol (2g): white solid; Rf = 0.40 
(hexane/AcOEt = 2/1); 1H NMR (400 MHz, CDCl3) δ 2.51 (3H, s), 3.47 (3H, s), 3.77 (3H, s), 5.03 
(1H, s), 6.42 (1H, d, J = 2.0 Hz), 7.02 (2H, dd, J = 8.8, 2.4 Hz), 7.16 (1H, td, J = 8.0, 1.2 Hz), 
7.24-7.31 (2H, m), 7.71 (1H, s), 7.77 (1H, d, J = 8.0 Hz), 7.78 (1H, d, J = 9.2 Hz), 7.95 (1H, d, J = 
9.2 Hz); 13C NMR (100 MHz, CDCl3) δ 17.07, 54.97, 56.43, 103.34, 110.96, 114.37, 114.48, 116.60, 
123.05, 124.58, 124.86, 125.27, 126.45, 127.25, 129.07, 129.21, 129.68, 130.60, 132.26, 135.50, 
150.39, 156.60, 158.77; IR (ATR) 3526, 2937, 2838, 1623, 1509, 1264, 1248, 1223 cm-1; HRMS 
(CI) Calcd for C23H21O3 (M+H)+ 345.1491, Found 345.1497. 
 
 
1-(2-Methoxy-4,6-dimethylphenyl)-3-methylnaphthalen-2-ol (2h): white solid; Rf = 0.35 
(hexane/AcOEt = 8/1); 1H NMR (400 MHz, CDCl3) δ 1.88 (3H, s), 2.44 (3H, s), 2.47 (3H, s), 3.63 
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(3H, s), 5.00 (1H, s), 6.75 (1H, s), 6.86 (1H, s), 7.10 (1H, d, J = 8.0 Hz), 7.20-7.28 (2H, m), 7.63 (1H, 
s) 7.72 (1H, d, J = 8.0 Hz); 13C NMR (100 MHz, CDCl3) δ 17.01, 19.57, 21.73, 55.74, 109.89, 
115.85, 118.29, 122.95, 123.83, 124.06, 125.24, 126.25, 127.30, 128.69, 128.97, 131.94, 139.82, 
140.43, 149.70, 158.40; IR (ATR) 3527, 2917, 1609, 1572, 1461, 1390, 1313, 1217, 1091 cm-1; 
HRMS (CI) Calcd for C20H21O2 (M+H)+ 293.1542, Found 293.1543. 
 
 
1-(2-Hydroxy-3-methylnaphthalen-1-yl)naphthalen-2-ol (4): white solid; Rf = 0.30 
(hexane/AcOEt = 4/1); HPLC analysis Chiralpak IA-3 (hexane/iPrOH = 90/10, 1.0 mL/min, 254 nm, 
30 ˚C); 11.2, 14.1 min (major); 95% ee (R); [α]D20.3 = +22.1 (c = 1.5, CDCl3); 1H NMR (400 MHz, 
CDCl3) δ 2.51 (3H, s), 5.03 (1H, s), 5.09 (1H, s), 7.08 (1H, d, J = 8.0 Hz), 7.15 (1H, d, J = 8.0 Hz), 
7.22-7.40 (5H, m), 7.81-7.83 (2H, m), 7.90 (1H, d, J = 7.6 Hz), 7.98 (1H, d, J = 8.4 Hz); 13C NMR 
(100 MHz, CDCl3) δ 16.98, 110.12, 111.09, 117.71, 123.95, 123.97, 124.01, 124.26, 126.42, 127.03, 
127.45, 127.57, 128.38, 129.42, 129.46, 130.80, 131.38, 132.09, 133.43, 152.03, 152.77; IR (ATR) 
3524, 3491 3059, 2952, 2925, 1385, 1218, 1134, 820 cm-1; HRMS (ESI) Calcd for C21H16O2Na 
(M+Na)+ 323.1043, Found 323.1043. 
 
 
2-((2-Methoxynaphthalen-1-yl)methyl)-N,N-dimethylbenzamide (6a): orange solid; Rf = 0.35 
(hexane/AcOEt = 1/1); 1H NMR (400 MHz, CDCl3) δ 2.88 (3H, s), 3.13 (3H, s), 3.89 (3H, s), 4.43 
(2H, s), 6.75 (1H, d, J = 7.2 Hz), 7.07 (1H, td, J = 7.6, 1.6 Hz), 7.15 (1H, t, J = 7.2 Hz), 7.20 (1H, dd, 
J = 7.6, 1.6 Hz), 7.29-7.33 (2H, m), 7.40 (1H, ddd, J = 8.4, 6.8, 1.6 Hz), 7.78-7.83 (2H, m), 7.87 (1H, 
d, J = 8.8 Hz); 13C NMR (100 MHz, CDCl3) δ 27.57, 34.53, 38.49, 56.46, 113.20, 120.34, 123.37, 
123.92, 125.56, 125.77, 126.66, 128.21, 128.49, 128.55, 128.69, 129.17, 133.48, 136.39, 137.19, 
155.03, 171.54; IR (ATR) 2935, 1631, 1597, 1511, 1394, 1252, 1084 cm-1; HRMS (CI) Calcd for 





3-Ethyl-4-(2-methoxynaphthalen-1-yl)-1H-isochromen-1-one (7): white solid; Rf = 0.55 
(hexane/AcOEt = 2/1); 1H NMR (400 MHz, CDCl3) δ 1.10 (3H, t, J = 7.6 Hz), 2.24 (2H, q, J = 7.6 
Hz), 3.84 (3H, s), 6.64-6.67 (1H, m), 7.34-7.46 (6H, m), 7.86-7.89 (1H, m), 8.00 (1H, d, J = 8.8 Hz), 
8.36-8.39 (1H, m); 13C NMR (100 MHz, CDCl3) δ 11.53, 25.06, 56.26, 109.12, 113.18, 116.03, 
120.34, 123.88, 124.31, 124.36, 127.12, 127.23, 128.21, 129.04, 129.44, 130.45, 133.71, 134.57, 
138.79, 155.19, 157.09, 163.26; IR (ATR) 2977, 2938, 1732, 1593, 1509, 1483, 1263, 1092 cm-1; 























































































































































Racemic mixture of 2a 
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第 3 章 








酸性官能基と 3 級アミン等の弱塩基性官能基の 2 つを同一分子内に有しており、酸性官能
基は水素結合ドナー、塩基性官能基は Brønsted 塩基として作用する。第 1 章でも紹介した
ように、Takemoto らはアミン-チオウレア触媒を用いたマロン酸エステルの Michael 付加反
応が、高収率かつ高立体選択的に進行することを報告している(Scheme 3-1)。 
 































































Figure 3-2. Limitation of Conventional Bifunctional Organocatalyst 
 
二官能基型触媒は同一分子内に、酸性官能基と塩基性官能基という、相反する化学的性















Figure 3-3. Concepts of Catalytic Design 
 




これら 3 点の指針に関して、詳細を説明する。 
 
3-2-2.  設計指針 















実際に、アンモニウム α 位の水素が C-H…X 型の水素結合を介し、アニオン種と強く相互







Scheme 3-3. Recent Paper Utilizing α-Protons to Quaternary Ammonium as a Hydrogen-bonding  
Donor 
 
ピペリジン触媒の中でも酸性度の高いエステル α 位、およびアンモニウム α 位の水素が、
塩素原子と多点水素結合を形成することで反応が加速されたと著者らは述べている。イソ
キノリン誘導体と触媒を混合して NMR を測定した際に、ピペリジン化合物由来の 1H シグ
                                                  





































反応は、Pápai らの主張に基づく b のメカニズムがもっともらしいと報告している 8a。しか
しこれらのメカニズムは基質によっても変わることが想定され、どちらが正しいという断






























































3-3-1.  合成 
 
まず、シンコナアルカロイド骨格の触媒 1 の合成を行った(Scheme 3-5)。 
 
 Scheme 3-5. Synthesis of Catalyst 1･Cl 
 
市販のシンコニジンを出発原料に用い、Mitsunobu 反応によってアジド基を導入した後、
Staudinger 反応によってアミン 4 へと変換した。アミノ基を Boc 基によって保護し、化合物
5 を高い収率で得た。得られた 5 に対し、MeOTf を作用させることでキヌクリジン部位を
アンモニウムへと変換し、中程度の収率で目的とする化合物 6 を得た。酸によって Boc 基
を脱保護し、アンモニウム-アミン化合物 7 を良好な収率で得た。得られた 7 に対し、塩基
存在下 8 を作用させ、グアニジン部位の形成を行った後、イオン交換樹脂によってカウン
ターアニオンを塩素へと置換し、中程度の収率で触媒候補化合物 1･Cl を得た。市販のシン





3-3-2.  化合物 1 を触媒に用いた不斉反応の検討、および結果の考察 
 






 Table 3-1. Investigation of Enantioselective Aza-Henry Reaction 
 
entry Cat. yield (%) a ee (%) 
0 Dixon’s Cat. (98) 85 
1 1･Cl 24 < 1 
2 1･Cl b 43 < 1 
3 1･BArF < 5 N.D. 
a
 Determined by 1H NMR spectroscopy. Conversion was shown in 
parenthesis. b Extract with NaOH aq. before using. 
反応は、窒素上に DPP 基を有するケチミンに対して 20 当量のニトロメタンを用い、10 
mol%の触媒存在下、室温で 48 時間撹拌して行った。まず、カウンターアニオンが塩素の触









Figure 3-8. Result of DFT Calculation of Most Stable Structure of 1 
 
計算の結果、グアニジン部位がアンモニウムの方向を向いており、塩基部位と最も近い

















を有する触媒 3 をデザインした(Figure 3-9)。 
 









                 
 
 
2 つの官能基間の距離は DFT 計算によって見積もられ、最も近い距離でそれぞれ 2.961 Å
と 2.731 Å であった。 
 
  




3-4-2.  3,3’位に官能基を有する触媒 2 の合成 
 
まず、3,3’位に官能基を有する触媒 2 の合成を行った(Scheme 3-6)。 
 
 Scheme 3-6. Synthesis of Catalyst 2･OTf 
 
(R)-BINOL の水酸基をメチル化し、化合物 9 を定量的に得た。メトキシ基を起点として
3,3’位のリチオ化を行った後、DMF によってホルミル基を導入し、アルデヒド 10 を良好な
収率で得た。続いて、水素化ホウ素ナトリウムによるホルミル基の還元を行い、ジオール
11 へと変換した。11 のアルコール部位をメシル化した後、アジ化ナトリウムを作用させる
ことで、アジド基を導入し、ジアジド 12 を高い収率で得た。アジド基を Staudinger 反応に
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よりアミノ基へと変換した後、取扱い容易な 2 塩酸塩 13 に変換した。ジアミンに対して Boc
基によるモノ保護を行い、中程度の収率で化合物 14 を得た。14 の無置換のアミノ基を還元
的アミノ化によってジメチルアミノ基へと変換し、化合物 15 を得た。得られた 15 のジメ
チルアミノ基を MeOTf によってアンモニウムへと変換し、化合物 16 を良好な収率で得た。
酸による Boc 基の脱保護によってアンモニウム-アミン化合物 17 へと変換の後、塩基存在下
シアナミドを作用させることで、目的の触媒候補化合物 2･OTf を得た。 




3-4-3.  6,6’位に官能基を有する触媒 3 の合成 
 
続いて、6,6’位に官能基を有する触媒 3 の合成を行った(Scheme 3-7)。 
 







て、ホルミル基を導入し、アルデヒド 19 を高い収率で得た。その後は化合物 2 の合成と同
様の手法によって目的の触媒候補化合物 3･OTf を合成した。市販のビナフトールより 12 工
程、総収率 5％で 3 の合成を達成した。 
 
3-4-4.  反応条件の検討 
 




 Table 3-2. Investigation of Enantioselective Aza-Henry Reaction Catalyzed by 2･BArF 
 
entry Cat. Conditions yield (%) a ee (%) 
1 
2a･BArF 
No solvent, 24 h > 95 (92 b) 2 
2 toluene (0.5 M), 72 h 80 3 
3 THF (0.5 M), 72 h 88 2 
4 CH2Cl2 (0.5 M), 72 h 71 3 
5 
2b･BArF 
toluene (0.5 M), 60 h 54 3 
6 THF (0.5 M), 60 h 60 2 
a
 Determined by 1H NMR spectroscopy. b Isolated yield. 
まず、グアニジン上に Me 基、カウンターアニオンにテトラアリールボレートを有する触













 Table 3-3. Investigation of Substrates 
 
































> 95 (90 c) - < 5 
a
 Determined by 1H NMR spectroscopy. b Reaction was conducted at 0 ˚C. c Isolated yield. 
まず、ニトロメタンを求核剤に用い、アルデヒド由来のイミンに対する付加を検討した
(entry 1, 2)。窒素上の置換基が Ts 基、Boc 基のイミンを用いて検討を行ったが、いずれの場
合も収率は中程度にとどまり、また、生成物にエナンチオ選択性の発現は見られなかった。





い窒素上 Boc 基のイミンを用いて反応を行った(entry 4)。その結果、良好な収率で生成物が
得られると共に、わずかではあるがエナンチオ選択性の発現が見られた。そこで、エナン
チオ選択性の向上を目指し、0 ˚C 条件下で反応を行った(entry 5)。しかし、反応はほとんど
進行しておらず、目的生成物は得られなかった。続いて、窒素上に DPP 基を有するイミン
を用いて反応を行った(entry 6)。しかし、イミンの求電子性が低く、反応は全く進行してい






















1.5 1.0 84 36/64 3/5 
1 1.0 1.2 58 45/55 1/-4 
2 
3･BArF 
1.5 1.0 57 35/65 6/10 
3 b 1.0 1.2 > 95 24/76 -3/10 
a




ため、6,6'位に官能基を有する化合物 3 を触媒に用いて同様の反応を検討した(entry 2, 3)。そ
の結果、ラクトンに対してイミンを小過剰用いる条件において、目的生成物が高い収率で
得られた(entry 3)。その際、エナンチオ選択性はわずかではあるが向上した。この結果を受






 Table 3-5. Solvent Effect 
 




0 b CH2Cl2 > 95 24/76 -3/10 
1 THF 91 35/65 6/4 
2 1,4-dioxane > 95 27/73 1/1 
3 AcOEt > 95 33/67 7/5 
4 CH3CN 86 43/57 0/6 
5 DMF 93 60/40 -1/0 
a
 Determined by 1H NMR spectroscopy. 
b
 Reaction was finished at 1 h. 









Table 3-6. Temperature Effect 
 




0 r.t. 1 > 95 24/76 -3/10 
1 -20 1 > 95 28/72 4/8 
2 -40 2.5 94 41/59 6/14 
3 -60 5.5 > 95 49/51 8/19 
4 -78 8 > 95 58/42 10/20 
a
 Determined by 1H NMR spectroscopy. 
反応温度を室温から-78˚C まで下げて検討を行った。-20 ˚C の条件では 1 時間で反応が終
了し、定量的に目的生成物が得られた。しかし、生成物のエナンチオ選択性に向上は見ら
れなかった(entry 1)。その後、温度を下げていくにつれ、生成物のエナンチオ選択性がわず
かに向上した(entry 2-4)。検討の結果、-78 ˚C で反応を行った際、8 時間で反応は完結し、20% 






 Table 3-7. Confirmation of Catalytic Concept 
 
 




0 3･BArF 8 > 95 58/42 10/20 
1 TMG 1.5 > 95 30/70 - 
2 TMG + 27 1.5 > 95 31/69 - 
3 28 5 > 95 66/34 -6/0 
a
 Determined by 1H NMR spectroscopy. 
アキラルな塩基触媒 TMG を用いて、-78 ˚C 条件下で反応を行ったところ、反応は 1.5 時
間時点で完結していた(entry 1)。続いて TMG に添加剤としてベンジルトリメチルアンモニ
ウムテトラアリールボレート 27 を添加し、反応速度に影響が生じるか検討を行った(entry 2)。
しかし、1.5 時間時点ですでに反応は完結しており、TMG のみを用いた検討結果と大きな差
は認められなかった。続いて、別途合成した化合物 28 を触媒に用い、反応を行った(entry 3)。
その結果、5 時間で反応は完結し、ほぼ定量的に生成物が得られた。得られた生成物のエナ









 本章のまとめを示す(Scheme 3-8)。 
 
 Scheme 3-8. Development of Highly Active Bifunctional Organocatalyst Having 
Quaternary Ammonium as a Key Functional Group 
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General Information:  1H NMR spectra were recorded on JEOL JNM-ECA600 (600 MHz) 
spectrometer.  Chemical shifts are reported in ppm from the solvent resonance or tetramethylsilane 
(TMS) as the internal standard (CDCl3: 7.26 ppm, TMS: 0.00 ppm, CD3OD: 3.31 ppm).  Data are 
reported as follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, q = 
quartet, br = broad, m = multiplet), and coupling constants (Hz).  13C NMR spectra were recorded 
on JEOL JNM-ECA600 (150 MHz) spectrometer with complete proton decoupling.  Chemical 
shifts are reported in ppm from the solvent resonance as the internal standard (CDCl3: 77.0 ppm, 
CD3OD: 49.0 ppm).  HPLC analysis was performed on a JASCO 2000 Plus system with UV and 
CD detectors and Daicel chiral stationary phase column Chiralpak OD-H and OD-3.  Mass spectra 
analysis was performed on a Bruker Daltonics sorariX 9.4T FT-ICR-MS spectrometer at the 
Instrumental Analysis Center for Chemistry, Graduate School of Science, Tohoku University.  
Analytical thin layer chromatography (TLC) was performed on Merck precoated TLC plates (silica 
gel 60 GF254, 0.25 mm).  Flash column chromatography was performed on silica gel 60N 
(spherical, neutral, 100-210 µm; Kanto Chemical Co., Inc.), and NH silica gel (45-75 µm; Fuji 
Silysia Chemical Ltd.). 
All reactions were carried out under an argon (Ar) atmosphere in dried glassware. 
 
Material: Unless otherwise noted, materials were purchased from Wako Pure Chemical Industries, 
Ltd., Tokyo Chemical Industry Co., Ltd., Aldrich Inc., and other commercial suppliers were used 
without purification.  CH2Cl2, toluene, Et2O and THF were supplied from Kanto Chemical Co., Inc. 
as “Dehydrated solvent system”.  Other solvents were purchased from commercial suppliers as 
dehydrated solvents, and used under argon atmosphere. 
 
1. Synthesis of Substrate 
 
 





2. Synthesis of Catalyst 1･Cl 
 
Compound 5 was prepared according to the literature procedures.5 
 
 
To a solution of 5 (1.56 g, 4 mmol) in toluene (40 mL) was added MeOTf (525 µL, 4.8 mmol) at 0 
˚C.  After the reaction mixture was stirred at room temperature overnight, the solvent was removed 
in vacuo.  The residue was purified by silica gel column chromatography (CH2Cl2/MeOH = 15/1 to 
10/1 as the eluent) to give product 6 (1.13 g, 51%yield). 
 
 
To a solution of 6 (951 mg, 1.7 mmol) in MeOH (8.5 mL) was added HCl (4 M in 1,4-dioxane, 2.1 
mL, 8.5 mmol).  After the reaction mixture was stirred at 50 ˚C for 2 h, the solvent was removed in 
vacuo.  The residue was added aqueous NaOH (3 M, 10 mL), and extracted with CH2Cl2 (10 mL × 
3).  The combined organic layers were washed with brine, dried over Na2SO4, and concentrated 
under reduced pressure after filtration.  The obtained product 7 (703 mg, 90% yield) was used for 
next step without further purification. 
 
 
To a solution of 8 (710 mg, 4.2 mmol) in CH2Cl2 (11 mL) were added 7 (982 mg, 2.1 mmol) and 
NEt3 (880 µL, 6.3 mmol).  After the reaction mixture was stirred at reflux for 4 h, the solvent was 
removed in vacuo.  The residue was added saturated aqueous NH4Cl (10 mL), and extracted with 
Et2O (20 mL).  The water layer was added aqueous NaOH (3 M) until pH 10, and extracted with 
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Et2O (20 mL), and CH2Cl2 (20 mL × 3).  The combined CH2Cl2 layers were washed with brine, 
dried over Na2SO4, and concentrated under reduced pressure after filtration.  The residue was 
passed through the column of ion exchange resin, Amberlite® IRA 400 (Cl-) (EtOH as the eluent), to 
exchange counter anion triflate to chloride.  The product 1･Cl was obtained by recrystallization 
from CH2Cl2 and hexane (610 mg, 66% yield). 
 
 
3. Representative Procedure for the Synthesis of Catalyst 2a･OTf 
 
Compound 11 was prepared according to the literature procedure.6 
 
 
To a solution of 11 (2.02 g, 5.4 mmol) and NEt3 (4.5 mL, 32 mmol) in toluene (18 mL) and AcOEt 
(18 mL) was added MsCl (1.2 mL, 16 mmol) dropwise at 0 ˚C.  After the reaction mixture was 
stirred at 0 ˚C for 2 h, the precipitate was removed by filtration.  The filtrate was concentrated 
under reduced pressure.  The residue was dissolved in DMF (36 mL), and added NaN3 (3.51 g, 54 
mmol).   After the reaction mixture was stirred at room temperature overnight, the reaction was 
quenched by water.  The water layer was extracted with AcOEt (30 mL × 3).  The combined 
organic layers were washed with aqueous HCl (1 M) followed by brine, dried over Na2SO4, and 
concentrated under reduced pressure after filtration.  The residue was purified by silica gel column 
chromatography (hexane/AcOEt = 8/1 as the eluent) to give product 12 (1.99 g, 87% yield). 
 
 
To a solution of 12 (1.97 g, 4.6 mmol) in THF (23 mL) and H2O (830 µL) was added PPh3 (2.55 g, 
9.7 mmol).  After the reaction mixture was stirred at room temperature for 5 h, the solvent was 
removed in vacuo.  The residue was added aqueous HCl (1 M, 20 mL), and extracted with AcOEt 
(25 mL), CH2Cl2 (25 mL), and Et2O (25 mL).  The water layer was added aqueous NaOH (3 M) 
until pH 10, stirred for 5 min, and extracted with CH2Cl2 (20 mL × 3).  The combined organic 
layers were washed with brine, dried over Na2SO4, and concentrated under reduced pressure after 
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filtration.  The residue was dissolved in MeOH, and added HCl (4 M in 1,4-dioxane, 1.5 mL).  
The solvent was removed in vacuo.  The obtained product 13 (1.94 g, 94% yield) was used for next 
step without further purification. 
 
 
To a solution of 13 (1.40 g, 3.1 mmol) in MeOH (25 mL) was added aqueous NaOH (1 M, 3.1 mL) 
at 0 ˚C.  After the mixture was stirred at 0 ˚C for 20 min, Boc2O (685 mg, 3.1 mmol) in MeOH (6 
mL) was added dropwise to the reaction mixture at 0 ˚C over 1 h.  After the reaction mixture was 
stirred at room temperature overnight, the solvent was removed in vacuo.  The residue was added 
aqueous HCl (1 M, 15 mL), and extracted with CHCl3 (20 mL × 3).  The combined organic layers 
were washed with brine, dried over Na2SO4, and concentrated under reduced pressure after filtration.  
The residue was purified by silica gel column chromatography (CH2Cl2/MeOH = 8/1 as the eluent) 
to give product 23 (774 mg, 53% yield). 
 
 
To a solution of 14 (967 mg, 1.9 mmol) in MeOH (10 mL) were added aqueous HCHO (20 M, 475 
µL, 9.5 mmol) and AcOH (380 µL, 6.3 mmol).  NaBH3CN (358 mg, 5.7 mmol) was added to the 
mixture at 0 ˚C.  After the reaction mixture was stirred at room temperature for 6 h, the reaction 
was quenched by saturated aqueous NH4Cl (10 mL), and the organic solvent was removed in vacuo.  
The remained water layer was added aqueous NaOH (1 M) until pH 10, and extracted with CHCl3 
(20 mL × 3).  The combined organic layers were washed with brine, dried over Na2SO4, and 
concentrated under reduced pressure after filtration.  The obtained product 15 (882 mg, 93% yield) 






To a solution of 15 (882 mg, 1.8 mmol) in CH2Cl2 (9 mL) was added MeOTf (212 µL, 1.9 mmol) 
dropwise.  After the reaction mixture was stirred at room temperature for 5 h, the solvent was 
removed in vacuo.  The residue was purified by silica gel column chromatography (CH2Cl2/MeOH 
= 8/1 as the eluent) to get 16 (917 mg, 78% yield). 
 
 
To a solution of 16 (917 mg, 1.4 mmol) in MeOH (7 mL) was added HCl (2 M in Et2O, 3.5 mL, 6.9 
mmol).  After the reaction mixture was stirred at 50 ˚C for 3 h, the solvent was removed in vacuo.  
The obtained product 17 was used for next step without further purification. 
 
 
To a solution of 17 (301 mg, 0.5 mmol) in EtOH (1 mL) were added Na2CO3 (301 mg) and N-Me 
cyanamide (98 mg, 0.6 mmol).  After the reaction mixture was stirred at reflux for 24 h, the solvent 
was removed in vacuo.  The residue was added saturated aqueous NH4Cl (3 mL), and extracted 
with AcOEt (5 mL × 2).  The water layer was added aqueous NaOH (1 M, 5 mL), and extracted 
with CHCl3 (10 mL × 3).  The combined CHCl3 layers were washed with brine, dried over Na2SO4, 
and concentrated under reduced pressure after filtration.  The residue was purified by NH silica gel 




4. Synthesis of Catalyst 3･OTf 
 
Compound 19 was prepared according to the literature procedure.7 
 
 
To a solution of 19 (4.37 g, 12 mmol) in EtOH (49 mL) was added NaBH4 (981 mg, 26 mmol) at 0 
˚C.  After the reaction mixture was stirred at room temperature for 4 h, the reaction was quenched 
by saturated aqueous NH4Cl (15 mL).  After the organic solvent was removed in vacuo, the 
remained water layer was extracted by AcOEt (20 mL × 3).  The combined organic layers were 
washed with brine, dried over Na2SO4, and concentrated under reduced pressure after filtration.  
The obtained product 20 (4.12 g, 94% yield) was used for next step without further purification. 
 
 
To a solution of 20 (4.12 g, 11 mmol) and NEt3 (9.6 mL, 69 mmol) in toluene (38 mL) and AcOEt 
(38 mL) was added MsCl (2.7 mL, 35 mmol) dropwise at 0 ˚C.  After the reaction mixture was 
stirred at 0 ˚C for 2 h, the precipitate was removed by filtration.  The filtrate was concentrated 
under reduced pressure.  The residue was dissolved in DMF (76 mL), and added NaN3 (7.48 g, 115 
mmol).   After the reaction mixture was stirred for 4 h, the reaction was quenched by water. The 
water layer was extracted with AcOEt (30 mL × 3).  The combined organic layers were washed 
with aqueous HCl (1 M) followed by brine, dried over Na2SO4, and concentrated under reduced 
pressure after filtration.  The residue was purified by silica gel column chromatography 
(hexane/AcOEt = 8/1 to 4/1 as the eluent) to give product 21 (3.28 g, 70% yield). 
 
 
To a solution of 21 (2.90 g, 7.1 mmol) in THF (35 mL) and H2O (1.3 mL) was added PPh3 (3.82 g, 
15 mmol).  After the reaction mixture was stirred at room temperature overnight, the solvent was 
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removed in vacuo.  The residue was added aqueous HCl (1M, 20 mL), and extracted with AcOEt 
(20 mL), CH2Cl2 (20 mL), and Et2O (15 mL).  The water layer was added aqueous NaOH (3 M) 
until pH 10, and stirred for 5 min.  The white precipitate was obtained by filtration, and dried under 
reduced pressure at 50 ˚C overnight.  The obtained product 22 (2.51g, > 99% yield) was used for 
next step without further purification. 
 
 
To a solution of 22 (2.51 g, 7.1 mmol) in MeOH (65 mL) was added HCl (2 M in Et2O, 3.6 mL, 7.1 
mmol) at 0 ˚C.  After the mixture was stirred at 0 ˚C for 20 min, Boc2O (1.70 g, 7.8 mmol) in 
MeOH (6 mL) was added dropwise to the reaction mixture at 0 ˚C over 1 h.  After the reaction 
mixture was stirred at room temperature overnight, the solvent was removed in vacuo.  The residue 
was added aqueous HCl (1 M, 20 mL), and extracted with CHCl3 (30 mL × 3).  The combined 
organic layers were washed with brine, dried over Na2SO4, and concentrated under reduced pressure 
after filtration.  The residue was purified by silica gel column chromatography (CH2Cl2/MeOH = 
8/1 as the eluent) to give product 23 (1.61 g, 46% yield). 
 
 
To a solution of 23 (1.50 g, 3.0 mmol) in MeOH (15 mL) were added aqueous HCHO (20 M, 750 µL, 
15 mmol) and AcOH (600 µL, 9.9 mmol).  NaBH3CN (566 mg, 9.0 mmol) was added to the 
mixture at 0 ˚C.  After the reaction mixture was stirred at room temperature for 7 h, the reaction 
was quenched by saturated aqueous NH4Cl (10 mL), and the organic solvent was removed in vacuo.  
The remained water layer was added aqueous NaOH (1 M) until pH 10, and extracted with CHCl3 
(20 mL × 3).  The combined organic layers were washed with brine, dried over Na2SO4, and 
concentrated under reduced pressure after filtration.  The obtained product 24 (1.46 mg, 99% yield) 





To a solution of 24 (485 mg, 1.0 mmol) in CH2Cl2 (5 mL) was added MeOTf (120 µL, 1.1 mmol) 
dropwise.  After the solution was stirred at room temperature overnight, the solvent was removed in 
vacuo.  The residue was purified by silica gel column chromatography (CH2Cl2/MeOH = 8/1 as the 
eluent) to give 25 (531 mg, 82% yield). 
 
 
To a solution of 25 (531 mg, 0.8 mmol) in CH2Cl2 (4 mL) was added TFA (310 µL, 4.0 mmol).  
After the reaction mixture was stirred at 40 ˚C for 5 h, the solvent was removed in vacuo.  The 
obtained product 26 was used for next step without further purification. 
 
 
To a solution of 26 (663 mg, 1.0 mmol) in EtOH (2 mL) were added NEt3 (420 µL, 3.0 mmol) and 
N-Me cyanamide (179 mg, 1.1 mmol).  After the reaction mixture was stirred at reflux for 24 h, 
NaOEt (20% EtOH solution, 390 µL, 2.0 mmol) was added to the reaction mixture.  The solvent 
was removed in vacuo.  The residue was purified by NH silica gel column chromatography 






5. Synthesis of Catalyst 28 
 
 
To a solution of 24 (242 mg, 0.5 mmol) in MeOH (2.5 mL) was added HCl (2 M in Et2O, 1.3 mL, 
2.5 mmol).  After the reaction mixture was stirred at 50 ˚C for 3 h, the solvent was removed in 
vacuo.  The crude product was used for next step without further purification. 
To a solution of obtained product in EtOH (1 mL) were added Na2CO3 (192 mg) and N-Me 
cyanamide (97.8 mg, 0.6 mmol).  The reaction mixture was stirred at reflux for 24 h.  After 
filtration, the filtrate was evaporated.  The residue was added aqueous HCl (1 M, 5 mL), and 
extracted with AcOEt (10 mL × 3).  The water layer was added aqueous NaOH (1 M, 10 mL), and 
extracted with CHCl3 (10 mL × 3).  The combined CHCl3 layers were washed with brine, dried 
over Na2SO4, and concentrated under reduced pressure after filtration.  The residue was purified by 
NH silica gel column chromatography (CH2Cl2/MeOH = 6/1 as the eluent) to give 28 (29.5 mg, 13% 
yield). 
 
6. Representative Procedure for the Aza-Henry Reaction Catalyzed by 1･Cl 
 
 
To a sealed tube were added nitromethane (215 µL, 4.0 mmol), N-DPP imine S1 (63.9 mg, 0.2 
mmol), and 1･Cl (8.8 mg, 20 µmol) under argon atmosphere.  After the reaction mixture was 
stirred at room temperature for 48 h, the reaction was quenched by saturated aqueous NH4Cl (5 mL), 
and extracted with CH2Cl2 (10 mL × 3).  The combined organic layers were washed with brine, 
dried over Na2SO4, and concentrated under reduced pressure after filtration.  The yield of P1 (24% 





7. Representative Procedure for the Aza-Henry Reaction Catalyzed by 2a･BArF 
 
 
To a sealed tube were added 2a･OTf (10.7 mg, 20 µmol), NaBArF (17.7 mg, 20 µmol), and 
nitromethane (215 µL, 4.0 mmol) under argon atmosphere.  After the mixture was stirred at room 
temperature for 10 min, N-DPP imine S1 (63.9 mg, 0.2 mmol) was added to the mixture.  After the 
reaction mixture was stirred at room temperature for 24 h, the reaction was quenched by saturated 
aqueous NH4Cl (5 mL), and extracted with CH2Cl2 (10 mL × 3).  The combined organic layers 
were washed with brine, dried over Na2SO4, and concentrated under reduced pressure after filtration.  
The residue was purified by silica gel column chromatography (hexane/AcOEt = 1/1 as the eluent) to 
give product P1 (69.9 mg, 92% yield). 
 
8. Representative Procedure for the Mannich Reaction Catalyzed by 3･BArF 
 
 
To a sealed tube were added 3･OTf (6.3 mg, 10 µmol), NaBArF (8.9 mg, 10 µmol), and CH2Cl2 (1 
mL) under argon atmosphere.  After the mixture was stirred at room temperature for 10 min, the 
mixture was cooled to -78 ˚C, and stirred for 10 min.  To the mixture were added 2-acetyl lactone 
S2 (11 µL, 0.1 mmol) followed by N-Boc imine S3 (24.6 mg, 0.12 mmol) at -78 ˚C.  After the 
reaction mixture was stirred at -78 ˚C for 8 h, the reaction was quenched by saturated aqueous 
NH4Cl (5 mL), and extracted with AcOEt (10 mL × 3).  The combined organic layers were washed 
with brine, dried over Na2SO4, and concentrated under reduced pressure after filtration.  The 
residue was purified by silica gel column chromatography (hexane/AcOEt = 4/1 to 1/1 as the eluent) 







white solid; 1H NMR (600 MHz, CDCl3) δ 0.96 (1H, d, J = 11.4 Hz), 1.36 (9H, s), 1.79-1.94 (2H, m), 
2.01 (1H, br), 2.13 (1H, br), 2.88 (1H, br), 3.45 (3H, s), 3.55 (1H, br), 3.76-3.97 (2H, m), 4.12 (1H, 
br), 4.78 (1H, br), 5.23 (1H, d, J = 10.2 Hz), 5.28 (1H, d, J = 17.4 Hz), 5.81 (1H, ddd, J = 7.2, 10.2, 
17.4 Hz) 6.03 (1H, br), 6.51 (1H, d, J = 8.4 Hz), 7.60-7.85 (3H, m), 8.18 (1H, d, J = 9.0 Hz), 8.23 
(1H, d, J = 8.4 Hz), 8.97 (1H, s). 
 
 
white solid; 1H NMR (600 MHz, CDCl3) δ 0.95-1.06 (1H, m), 1.96-2.08 (2H, m), 2.18 (2H, br), 
2.79-2.87 (1H, m), 3.50-3.59 (1H, m), 3.62 (1H, ddd, J = 2.4, 7.2, 12.6 Hz), 3.69 (3H, s), 3.77 (1H, 
dd, J = 10.8, 12.6 Hz), 4.11-4.20 (1H, m), 4.32-4.40 (1H, m), 5.13 (1H, d, J = 10.2 Hz), 5.16 (1H, br), 
5.17 (1H, d, J = 16.8 Hz), 5.73 (1H, ddd, J = 7.2, 10.2, 16.8 Hz), 7.60-7.69 (2H, m), 7.73 (1H, t, J = 
7.2 Hz), 8.11 (1H, d, J = 8.4 Hz), 8.29 (1H, d, J = 8.4 Hz), 8.89 (1H, d, J = 4.8 Hz).  
 
 
light yellow solid; 1H NMR (600 MHz, CDCl3) δ 1.83 (1H, br), 1.98-2.27 (4H, m), 2.41-3.43 (15H, 
m), 3.69 (1H, br), 4.50 (1H, br), 4.74 (2H, t, J = 11.4 Hz), 5.07 (1H, d, J = 18 Hz), 5.17 (1H, d, J = 
10.2 Hz), 5.68-5.81 (2H, m), 7.44-8.04 (4H, m), 8.21 (1H, d, J = 7.8 Hz), 8.92 (1H, d, J = 4.8 Hz); 
13C NMR (150 MHz, CDCl3) δ 25.17, 26.14, 27.31, 33.98 (br), 37.45, 47.43 (br), 50.40 (br), 51.17, 
53.89, 58.90 (br), 65.89, 70.67 (br), 116.84, 121.24, 121.90 (br), 125.08, 127.35, 129.33, 131.04, 
137.29, 148.61 (br), 148.61, 150.18, 157.43 (One signal was lost); HRMS (ESI) Calcd for C25H34N5+ 





colorless oil; 1H NMR (600 MHz, CDCl3) δ 3.29 (6H, s), 4.63-4.71 (2H, m), 7.18 (2H, d, J = 8.4 Hz), 
7.29 (2H, t, J = 8.4 Hz), 7.43 (2H, t, J = 8.4 Hz), 7.92 (2H, d, J = 8.4 Hz), 7.99 (2H, s). 
 
 
yellow solid; 1H NMR (600 MHz, CD3OD) δ 3.39 (6H, s), 4.37-4.49 (4H, m), 7.13 (2H, d, J = 12.0 
Hz), 7.35 (1H, t, J = 12.0 Hz), 7.50 (1H, t, J = 12.0 Hz), 8.02 (1H, d, J = 12.0 Hz), 8.19 (2H, s). 
 
 
white solid; 1H NMR (600 MHz, CDCl3) δ 1.46 (9H, s), 3.22 (3H, s), 3.28 (3H, s), 3.48 (1H, s), 
4.38-4.62 (4H, m), 5.18 (1H, br), 7.10 (1H, d J = 8.4 Hz), 7.13 (1H, d, J = 8.4 Hz), 7.18 (1H, t, J = 
7.8 Hz), 7.23 (1H, ddd, J = 1.2, 6.6, 8.4 Hz), 7.28-7.32 (1H, m), 7.36 (1H, t, J = 7.8 Hz), 7.78 (1H, d, 
J = 7.8 Hz), 7.85 (1H, d, J = 8.4 Hz), 7.90 (1H, s), 8.13 (1H, s). 
 
 
white solid; 1H NMR (600 MHz, CDCl3) δ 1.49 (9H, s), 2.39 (6H, s), 3.28 (3H, s), 3.30 (3H, s), 3.69 
(1H, d, J = 14.4 Hz), 3.77 (1H, d, J = 14.4 Hz), 4.49-4.69 (2H, m), 5.17 (1H, br), 7.12 (1H, d, J = 8.4 
Hz), 7.15 (1H, d, J = 9.0 Hz), 7.19-7.24 (2H, m), 7.35-7.41 (2H, m), 7.87 (1H, d, J = 9.6 Hz), 7.90 





white solid; 1H NMR (600 MHz, CDCl3) δ 1.50 (9H, s), 3.21 (3H, s), 3.25 (3H, s), 3.49 (9H, s), 
4.42-4.73 (2H, m), 5.02 (1H, d, J = 19.2 Hz), 5.10 (1H, br), 5.44 (1H, d, J = 19.2 Hz), 7.09 (1H, d, J 
= 12.6 Hz), 7.18 (1H, d, J = 8.4 Hz), 7.24-7.32 (1H, m), 7.36 (1H, ddd, J = 1.8, 10.2, 12.6 Hz), 7.44 
(1H, t, J = 10.2 Hz), 7.49 (1H, ddd, J = 1.8, 10.2, 12.6 Hz), 7.90 (1H, d, J = 12.6 Hz), 7.95 (1H, s), 
8.07 (1H, d, J = 12.6 Hz), 8.59 (1H, s). 
 
 
white solid; 1H NMR (600 MHz, CD3OD) δ 3.23 (9H, s), 3.32 (3H, s), 3.35 (3H, s), 4.38 (1H, d, J = 
13.8 Hz), 4.46 (1H, d, J = 13.8 Hz), 4.76 (1H, d, J = 13.2 Hz), 4.80-4.92 (1H, m), 7.16 (1H, d, J = 
7.8 Hz), 7.19 (1H, d, J = 8.4 Hz), 7.37 (1H, ddd, J = 1.2, 7.2, 7.8 Hz), 7.42 (1H, ddd, J = 1.2, 6.6, 8.4 
Hz), 7.51 (1H, t, J = 6.6 Hz), 7.55 (1H, t, J = 7.2 Hz), 8.03 (1H, d, J = 8.4 Hz), 8.10 (1H, d, J = 8.4 
Hz), 8.19 (1H , s), 8.37 (1H, s). 
 
  
light yellow solid; 1H NMR (600 MHz, CDCl3) δ 2.91 (3H, s), 3.20 (3H, s), 3.24 (3H, s), 3.32-3.42 
(4H, m), 3.50 (9H, s), 4.65 (1H, d, J = 16.2 Hz), 4.75 (1H, d, J = 16.2 Hz), 5.02 (1H, d, J = 12.6 Hz), 
5.33 (1H, d, J = 12.6 Hz), 7.08 (1H, d, J = 8.4 Hz), 7.17 (1H, d, J = 8.4 Hz), 7.23 (1H, t, J = 8.4 Hz), 
7.32 (1H, t, J = 8.4 Hz), 7.39 (1H, t, J = 8.4 Hz), 7.42 (1H, t, J = 8.4 Hz), 7.89 (1H, d, J = 8.4 Hz), 
7.96 (1H, s), 8.03 (1H, d, J = 8.4 Hz), 8.55 (1H, s); 13C NMR (150 MHz, CDCl3) δ 33.31, 45.40, 
45.73, 47.77, 53.32, 60.89, 61.51, 64.69, 120.74, 124.18, 124.50, 125.31, 125.54, 125.80, 126.84, 
128.25, 128.41, 129.05, 129.23, 129.80, 130.36, 130.66, 133.42, 135.64, 136.39, 154.96, 155.27, 





yellow solid; 1H NMR (600 MHz, CD3OD) δ 3.23 (9H, s), 3.28 (6H, s), 3.51-3.58 (2H, m), 
3.59-3.66 (2H, m), 4.61 (2H, s), 4.76 (1H, d, J = 13.2 Hz), 4.82 (1H, d, J = 15.6 Hz), 4.85-4.93 (2H, 
m), 7.15 (1H, d, J = 8.4 Hz), 7.21 (1H, d, J = 8.4 Hz), 7.31-7.45 (7 H, m), 7.49 (1H, ddd, J = 1.2, 6.6, 
8.4 Hz), 7.54 (1H, ddd, J = 1.2, 6.6, 7.8 Hz), 8.01 (1H, d, J = 7.8 Hz), 8.06 (1H, s), 8.10 (1H, d, J = 
8.4 Hz), 8.38 (1H, s); 13C NMR (150 MHz, CD3OD) δ 46.47, 46.60 (br), 46.70, 50.14, 61.42, 61.77, 
65.92, 122.43, 125.51, 125.97, 126.39, 126.59, 126.70, 127.05, 128.32, 129.00, 129.22, 129.42, 
129.47, 129.58, 130.02, 130.09, 131.01, 131.40, 132.00, 135.28, 136.40, 136.94, 137.54, 156.13, 
156.57, 159.92; HRMS (ESI) Calcd for C37H41N4O2+ 573.32240, Found 573.32240. 
 
 
white solid; 1H NMR (600 MHz, CDCl3) δ 4.85 (2H, s), 4.87 (2H, s), 5.70 (2H, s), 7.29 (1H, d, J = 




colorless oil; 1H NMR (600 MHz, CDCl3) δ 4.51 (4H, s), 5.70 (2H, s), 7.25 (2H, dd, J = 1.8, 9.0 Hz), 
7.51 (2H, d, J = 8.4 Hz), 7.51 (2H, d, J = 9.0 Hz), 7.88 (2H, s), 7.99 (2H, d, J = 8.4 Hz). 
 
 
white solid; 1H NMR (600 MHz, CD3OD) δ 4.15 (4H, s), 5.69 (2H, s), 7.34 (2H, dd, J = 1.8, 9.0 Hz), 





white solid; rotamer mixture 1H NMR (600 MHz, CDCl3) δ 1.30-1.41 (9H, br), 4.00 (2H, br), 4.31 
(2H, br), 5.03 (1H, br), 5.48 (1H, br), 5.59 (1H, br), 6.99 (1H, br), 8.09 (2H, d, J = 9.0 Hz). 
 
 
white solid; 1H NMR (600 MHz, CDCl3) δ 1.48 (9H, s), 2.29 (2H, s), 3.57 (2H, d, J = 3 Hz), 4.47 
(2H, br), 4.92 (1H, br), 5.68 (2H, s), 7.22 (1H, d, J = 8.4 Hz), 7.28 (1H, dd, J = 1.8, 9.0 Hz), 7.44 
(1H, d, J = 9.0 Hz), 7.46 (1H, d, J = 8.4 Hz), 7.47 (1H, d, J = 9.0 Hz), 7.49 (1H, d, J = 9.0 Hz), 7.80 
(1H, s), 7.83 (1H, s), 7.94 (1H, d, J = 8.4 Hz), 7.95 (1H, d, J = 9.6 Hz). 
 
 
white solid; 1H NMR (600 MHz, CDCl3) δ 1.46 (9H, s), 3.24 (9H, s), 4.47 (2H, br), 4.78 (2H, br), 
5.01 (1H, br), 5.68 (1H, s), 5.69 (1H, s), 7.22 (1H, d, J = 8.4 Hz), 7.28 (1H, dd, J = 1.8, 9.0 Hz), 
7.32-7.35 (2H, m), 7.46 (1H, d, J = 8.4 Hz), 7.56 (2H, m), 7.82 (1H, s), 7.96 (1H, d, J = 9.0 Hz), 
8.06 (1H, d, J = 9.0 Hz), 8.20 (1H, s). 
 
 
yellow solid; 1H NMR (600 MHz, CD3OD) δ 3.17 (9H, s), 4.30 (2H, s), 4.69 (1H, s), 4.69 (1H, s), 
5.71 (2H, m), 7.40-7.43 (2H, m), 7.50 (H, d, J = 13.8 Hz), 7.51 (1H, d, J = 13.8 Hz), 7.60 (1H, d, J = 
9.0 Hz), 7.65 (1H, d, J = 8.4 Hz), 8.12 (1H, s), 8.14 (1H, d, J = 9.0 Hz), 8.21 (1H, d, J = 8.4 Hz), 





yellow solid; 1H NMR (600 MHz, CD3OD) δ 2.90 (3H, s), 3.17 (9H, s), 3.32-3.47 (2H, m), 4.58 (1H, 
d, J = 15.0 Hz), 4.63 (1H, d, J = 15.0 Hz), 4.68 (1H, d, J = 15.0 Hz), 4.71 (1H, d, J = 15.0 Hz), 5.69 
(1H, d, J = 6.6 Hz), 5.70 (1H, d, J = 6.6 Hz), 7.28 (1H, dd, J = 1.8, 9.0 Hz), 7.41 (1H, d, J = 9.0 Hz), 
7.44 (1H, dd, J = 1.8, 9.0 Hz), 7.54 (1H, d, J = 9.0 Hz), 7.55 (1H, d, J = 9.0 Hz), 7.63 (1H, d, J = 9.0 
Hz), 7.94 (1H, s), 8.08 (1H, d, J = 9.0 Hz), 8.19 (1H, d, J = 9.0 Hz) 8.26 (1H, d, J = 1.8 Hz); 13C 
NMR (150 MHz, CD3OD) δ 32.89, 46.28, 50.33, 53.22, 70.44, 104.65, 122.53, 123.59, 125.66, 
126.60, 127.36, 127.97, 128.48, 128.63, 130.18, 131.83, 132.26, 132.71, 132.81, 133.24, 134.06, 
134.61, 135.34, 153.17, 154.38, 162.79. (One signal was overlapped at CD3OD position); HRMS 
(ESI) Calcd for C30H33N4O2+ 481.25980, Found 481.25980. 
 
  
white solid; 1H NMR (600 MHz, CDCl3) δ 2.29 (6H, s), 2.82 (3H, s), 3.11-3.28 (4H, m), 3.54 (1H, d, 
J = 12.6 Hz), 3.58 (1H, d, J = 12.6 Hz), 4.50 (1H, d, J = 15.0 Hz), 4.53 (1H, d, J = 15.0 Hz), 5.67 
(2H, s), 7.23 (1H, dd, J = 1.8, 8.4 Hz), 7.28 (1H, dd, J = 1.8, 8.4 Hz), 7.45 (1H, d, J = 8.4 Hz), 7.47 
(2H, d, J = 9.0 Hz), 7.49 (1H, d, J = 9.0 Hz), 7.81 (1H, s), 7.82 (1H, s), 7.94 (1H, d, J = 9.0 Hz), 7.95 
(1H, d, J = 9.0 Hz); 13C NMR (150 MHz, CDCl3) δ 33.03, 44.66, 45.50, 47.42, 50.04, 64.29, 103.09, 
120.89, 121.15, 125.89, 126.11, 126.83, 126.89, 127.32, 127.64, 127.94, 130.04, 130.10, 131.35, 
131.45, 131.69, 131.72, 134.20, 135.70, 150.98, 151.12, 162.52. 
 
 
white solid; HPLC analysis Chiralpak OD-H (hexane/iPrOH = 80/20, 1.0 mL/min, 220 nm, 40 ˚C); 
6.9, 16.6 min (major); 3% ee; 1H NMR (600 MHz, CDCl3) δ 1.55 (3H, s), 4.48 (1H, d, J = 4.8 Hz), 
5.05 (1H, d, J = 13.8 Hz), 5.46 (1H, d, J = 13.8 Hz), 7.28 (1H, t, J = 7.2 Hz), 7.37 (2H, t, J = 7.2 Hz), 
7.43-7.56 (8H, m), 7.82 (1H, dd, J = 1.2, 12.6 Hz), 7.84 (1H, d, J = 12.6 Hz), 8.01 (1H, dd, J = 1.2, 
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12.0 Hz), 8.03 (1H, d, J = 12.0 Hz). 
 
 
syn-isomer: white solid; HPLC analysis Chiralpak OD-3 (hexane/iPrOH = 80/20, 1.0 mL/min, 215 
nm, 30 ˚C); 6.0 (major), 8.4 min; 20% ee; 1H NMR (600 MHz, CDCl3) δ 1.38 (9H, s), 2.22 (1H, td, J 
= 8.4, 13.8 Hz), 2.32-2.38 (1H, m), 2.42 (3H, s), 3.70 (1H, br), 4.00 (1H, q, J = 8.4 Hz), 5.30 (1H, d, 
J = 8.4 Hz), 6.63 (1H, d, J = 8.4 Hz), 7.28-7.38 (5H, m). 
anti-isomer: white solid; HPLC analysis Chiralpak OD-3 (hexane/iPrOH = 80/20, 1.0 mL/min, 215 
nm, 30 ˚C); 4.4 (major), 6.8 min; 10% ee; 1H NMR (600 MHz, CDCl3) δ 1.40 (9H, s), 2.08 (1H, td, J 
= 8.4, 13.2 Hz), 2.48 (3H, s), 2.85-2.93 (1H, m), 3.57-3.65 (1H, m), 3.98 (1H, q, J = 8.4 Hz), 4.91 
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Scheme 4-1. Construction of Unsymmetrical Biaryl Skeletons Based on Ferrier Type 
















 Scheme 4-2. Development of Highly Active Bifunctional Organocatalyst Having 
Quaternary Ammonium as a Key Functional Group 
 
 ビナフチル骨格を母骨格に、6,6’位に官能基を導入した触媒を設計し、市販の光学活性


















Chapter 2.) Synthesis of unsymmetrically substituted 2,2’-dihydroxy-1,1’-biaryl derivatives using  
organic-base-catalyzed Ferrier-type rearrangement as the key step 
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